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DEPARTMENT OF THE ARMY
U.S. ARMY AIR MOBILITY RESEARCH & DEVELOPMENT LABORATORY
EUSTIS DIRECTORATE
FORT EUSTIS, VIRGINIA 23604

This report was prepared by the Chandler Evans Control Systems Division
of Colt Industries, Incorporated, under the terms of Contract DAAJO2-72-
C-0110. It presents the results of an analytical effort to determine
the causes of inherent turbine engine fuel control failure modes and to
determine the most cost-effective means of accurate fault isolation when
a fuel control malfunction is suspected.

The objectives of this contractual effort were (1) to analyze current

model fuel control failure modes to determine definitive causative factors
and to make detailed recommendations applicable to current or future engine
controls to preclude recurreice of such failures, and (2) to analyze exist-
ing turbine engine fuel control concepts to make recommendations for non-
ambiguous, cost-effective fuel control fault isolation provisions.

The program objectives were generally met. The analysis shows that firm
design recommendations for certain generic failure modes cannot be made
until certain advanced concepts have been tested. Ultrafine input fuel
filtration and new-design fuel seals are in this category. The analysis
of fault isolation prov'sions and methods is quite thorough and compre-
hensive. It is concluded that the most practical device to fault isolate
a purely hydromechanical fluid controller is a gauge to sense the pressure
across the metering valve. Since the likelihood is high that future con-
trol systems will use electronic devices for flow schedule computation,
the recommendation for built-in testing is valid.

This report has been reviewed by the appropriate technical personnel

of this Directorate, who concur with the conclusions contained herein. The
U. S. Army Project Engineer for this effort was Mr. R. L. Camplell, Sr., of
the Military Operations Technology Division.
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ABSTRACT

This fuel control analysis was undertaken to establish cost-
effective recommendations for improving the design life and
maintainability of Army gas turbine engine fuel control sys-
tems. Army experience indicates that problems with the fuel
control account for 10 to 13% of the engine malfunctions and
that 30 to 50% of the fuel control removals are ur.justified.

Data collected during the study indicates that failure modes
common to the majority of all present-day fuel controls ac-

count for about 25% of the control removals. These failure

modes included susceptibility to air and fuel contamination,
fuel seal leaks, wear of drive splines, and improper adjust-
ments. Insufficient detailed data is available to determine
the causes for removal of the remaining 25% of the fuel con-
trols. Information indicates that the causes are random and
are probably associated with assembly and other human error

related problems.

Design studies on both built-in and ground support types of
fault isolation devices which would signal when a control re-
moval was warranted were completed. These studies indicate
that, for present-day fuel controls, only the ground support
type fault isolation system which can be shared by five or more
aircraft would be cost effective. In consideration of future
electronic fuel control systems, the studies show that built-in
fault isolation can be cost effective.

Incorporation of the recommended design improvements for al-
leviating failure modes offers the potential for future fuel
controls to meet a goal of providing 5000 hours of operation
between overhauls. The effective use of fault isolation offers
redvced life-cycle costs and increased aircraft availability.
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INTRODUCTION

Field usage data on various Army turboshaft engines indicated
that 10 to 13 percent of the confirmed engine failures are in
the fuel control, and that only 30 to 50 percent of the con-
trol removals were verified as failures. Present production
fuel controls cost 7 to 10 percent of the total engine deliv-
ery price to the Ar.y, and fuel control maintenance consumes
an average of about 11 percent of the man-hours spent on the
engine. The high occurrence of unscheduled and unjustified
fuel control removals detracts from the reliability and avail-
ability of the aircraft and substantially increases life-cycle
costs.

The turbine engine fuel control reliability and maintainability
analysis reported herein was undertaken to establish recommen-
dations for design improvements to reduce failure modes and
fault isolation devices to reduce unjustified removals. The
study was conducted in three phases.

The first phase was directed toward identifying and analyzing
fuel control system generic failure modes to establish design
recommendations for eliminating these failures in present and
future control systems. Information on control failures was
obtained from available Army and Navy reports and from surveys
of various Army agencies and fuel control users. However,
present Army and Navy reliability and maintainability field
data retrieval systems and overhaul procedures on fuel control
do not provide sufficiently detailed information to verify the
causes for removal. Therefore, it was necessary to rely pri-
marily on information obtained from survey discussions and in-
house experience at Chandler Evans.

The major failure modes identified as being common to most
fuel controls consist of malfunctions due to air and fuel con-
tamination, static and dynamic seal leaks, drive spline wear,
and improper adjustments.



The second phase of work was directed toward establishing a
cost-effective fault isolation device which would indicate
when a control removal was warranted. Army field maintenance
capabilities on fuel controls are limited to making speed ad-
justments and removing and replacing the fuel control. Conse-
quently, 30 to 50% of the removals are unjustified based on
subsequent depot bench test experience.

Ar. effective fault isolation device will significantly reduce
unjustified removals and the maintenance man-hours spent in
troubleshooting controls. Because a number of different fault
isolation devices of varied complexity can be conceived, sub-
stantial preliminary work was done to establish guidelines for
allowable costs. This work indicated that a 100% effective
fault isolation device costing about 12% of the production
price of the fuel control is the cost-effective break-even
point. The studies concluded that for present-day fuel con-
trols, only ground support type fault isolation equipment
shared by five or more aircraft would be cost effective. 1In
considering future electronic fuel controls, built-in fault
isolation will be cost effective. This is possible because
signals of all of the required parameters needed for fault
isolation are available in an electronic control.

The third phase of effort was carried out to evaluate the po-
tential improvements in the design life and maintenance re-
quirements of a typical control system that could be achieved
by incorporating all of the design recommendations for reduc-
ing failure modes and effective use of a fault isolation
device. This evaluation indicates that the design life of
future fuel controls can meet a goal of 5000 hours of operation
between overhauls.



The Chandler Evans TA-2S fuel control used on the Lycoming
T-53 engine was selected for this detailed evaluation because
more data was available on this control than on any other, and
it is the most prevalent conntrol, in quantity, in the Army in-
ventory.

The fuel controls which were considered in this study include
those used on the T53; T55, T63, T73 and T74 Army turboshaft
engines.



DISCUSSION i !

FAILURE MODE ANALYSIS

Tne purpose of this part of the program was to identify control
system faults, so that design studies and recommendations could
be made to increase the control system reliability and to im-
prove maintainability features.

fuel Control Systems Investigated

To understand the types of failures which exist in gas turbine
control systems, it is necessary to understand the basic opera-
tion of the controls. The controls of the T53, T55 and T73 are
similar in principle. These are hydromechanical control sys-
tems and use fuel pressure to actuate power servos for comput-~
ing the allowed fuel flow. The controls for the T63 and T74
are pneumomechanical systems and use engine compressor air
pressure as the medium for computing fuel flow. This causes a
basic difference in service. 1In the systems using fuel for
servo power, the fuel can be filtered to provide long life of
the control system, whereas the air systems cannot be filtered
without some sacrifice in control system performance, because
the pressure drop across the filter varies with time in service.

Fuel Control System Descriptions

The following is a description of the basic operation of each
control system considered.

T53 Engine Control - Refer to Figure 1

The T53 engine fuel control is the only control used by the
Army which integrates, into one package, the pumps and fuel
control system.

The package contains the fuel metering elements in one
housing and fuel flow computation in another housing, which
is bolted to the fuel metering housing. The power turbine
governor is connected to the hydromechanical computer and
may be changed separately in the field.
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The functions which the control provides are:

7.

Power turbine speed governor
Gas generator speed governor
A pilot-operated manual system

Acceleration control in which acceleration fuel
flow is controlled as a function of Nl' T7 and P2
Deceleration control using the same engine param-
eters as for acceleration

Transient compressor bleed control. This function
provides control of compressor surge during engine
acceleration. A measure of (wf/P2 accel - wf/P2
steady state) is used to modulate the compressor
bleed actuator.

Compressor inlet guide vanes are positioned as a

function of N1 and T2'

The basic functions are represented in block form in Fig-

ure 2.
‘"i
" DECEL
"2 J Pi
GOVERNOR ;21 L
c/P
] tow | |WicH .
. N F
N | WINS WIN
1 SERVO L 30 CAM -

r ‘_&

N, FEEDBACK 16V TRANS

SERVO SERVO BLEED

16V ‘

FEEDBACK

SERVQ

Figure 2. T53 Engine Control Block Diagram.



Hydromechanical Computer

The N; servo is a position servo in which the pilot's
demand N;* is compared to the sensed N; signal. The
speed error is amplified using a four-way servo valve
operated piston with position feedback. The position
of the piston is used to close the loop on the servo.

The Ny feedback servo translates the three-dimensional
cam. The servo is a force feedback system so that cali-
bration adjustments may be made by adjusting internal
spring loads. The four-way spool valve is rotated to
minimize hysteresis, and speed is sensed by conventional
flyweights.

The 3D cam is rotated as a function of T, by a P-cymene
filled motor bellows. The stroke of tlL2 T, motor bel-
lows is determined by fuel temperature compensated by
summation with another bellows.

The N, speed computer is also a force balance servo.
The feedback linkage and cam include a variable gain

to provide dynamic compensation at different power
levels. The WF/P2 outputs of the acceleration schedule
N; and N, governors pass through a "lowest wins" mech-
anism. This signal is then multiplied by P, by a mul-
tiplying linkage. The P, position input to the multi-
plier is from a force feedback P, servomechanism. P,
is sensed with an evacuated bellows. The sleeve of the
P, servo is rotated. The output of the multiplier
positions the fuel metering valve.

Fuel metering is through triangular slots cut into a
cylindrical valve. As the metering valve is stroked,
the areas of the slots vary linearly.

The compressor transient bleed valve control signal is
taken from the 3D cam and varies the air pressure in
the engine bleed actuator open loop.

The compressor inlet guide vane schedule is also taken
from the 3D cam through a hydraulic servo valve. The
IGV actuator is engin2 mounted, and its position is fed
back to the control to null the servo valve.

7/



Fuel Pumping System

Fuel enters the system through a 76-micron screen. It
is then passed through two gear pumps driven in paral-
lel from the engine gas generator. Each gear pump is
capable of providing full engine fuel flow. The fuel
flows from the pumps through check valves (3 psi) which
prevent a short circuit if one pump fails. The fuel
then passes through the main fuel filter. This com-
prises, in one assembly, a 140-micron screen for the
main fuel flew and an inner paper element (25-micron
absolute and 9-psi bypass valve) to provide clean high-
pressure fuel to actuate all the computer servos. A
check valve (24 psi) is the next component in line,
which ensures that the servo pressure is sufficiently
high when operating on the manual system. Fuel then
flows into the main metering valve, and the pressure
drop across this valve is held essentially constant by
a bypassing head regulator. The head across the meter-
ing valve is sensed across a diaphragm which, if the
set value is exceeded, moves to bypass fuel to the pump
inlet. The nominal setting for the head regulator is
20 psid, and an external adjustment is provided for
different fuel types. The fuel passes through another
check valve (3.5 psi), which prevents flow reversal
when on the manual syster. The next component is the
foot valve which is referenced to computer case pressure
(60 psid), ensuring that there is always enough servo
pressure to operate the servos accurately in the auto-
matic mode. Fuel then flows out of the control to the
engine through the fuel shutoff valve. The pilot lever
input allows bypass of fuel back to computer case pres-
sure during normal shutdown.

The manual system is independent of the automatic sys-
tem. It has a separate head regulator (40 psid) and
metering valve. It is selected by operation of a sole-
noid which ports fuel through the manual metering valve,
which is a rectangular orifice cut in the shaft from
the pilot's N; input. This gives a schedule of fuel
flow against PLA. At high altitude it is necessary to
throttle back before changing over to manual control to
avoid overfueling. The manual system head regulator
also incorporates a high-pressure relief valve (850
psi).

8



Field Adjustments Allowed (T53)

Ground Idle
Military Power

N2 min and max flow stcps

T55 Engine Control - Refer to Figure 3

As mentioned previously, the T55 fuel control is similar
in type and complexity to the Chandler Evans TA-2S (T53).
The differences are more in individual company design pref-
erences than fundamental ones.

The control provides:

1. Power turbine speed governing, N, = f(P3, Nz*, c/P)

N*

2. Gas generator speed governing, N. = f(P3, T 1 )

1 2"

3. Acceleration control (Fuel flow is controlled as a
function of Nl' T2 and P3.)

4. Deceleration control parameters as (3)

5. Transient compressor bleed, bleed = f£f(W_./P., accel,
£ 73
Wf/P3 steady state)

There is no manual or variable IGV in this system. An IGV
system is provided on the T55-L-11 but has not been shown
on the schematic. No IGV's were provided on earlier en-
gines. It is not necessary to provide a manual system since
the application is a twin-engine helicopter in which single-
engine operation can sustain flight.

It is noted that the T55 engine uses Wf/P3 as the control
mode as compared to Wg/Pp for the T53. The advantages and
disadvantages of these control modes are enough of a subject
for a complete study. However, the Wg/P3 mode tends to be
self compensating for engine compressor deterioration. On
the acceleration schedule, as the compressor deteriorates,
the surge margin reduces and a Wf/P3 schedule would inher-
ently provide less fuel flow. A disadvantage of the Wg/Pj3
mode is that it provides an inner feedback loop which makes
analysis and faultfinding more difficult.

9
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The other main differences are that the N; and N, servos
are three-way valves which cost less to produce than four-
way valves but require half area actuator pistons which are
larger. The output of the computer is to position levers
which operate a flapper servo. The flapper servo then
drives the fuel metering valve through a P; tangent multi-
plier mechanism. Flapper servos as compared to spool
valves also cost less to produce and have long life, but
have lower pressure gains and higher steady-state leakage.
In their application to the TS55, the inputs to the flapper
are positions, and hence they do not need compensation for
variation in flapper forces due to variation in fuel pres-
sure. The metering valve is linear; that is, fuel flow is
directly proportional to stroke. The head regulator is a
bypassing type but with no diaphragm to amplify the force,
since the metering head is higher than the TA-2 (42 psi).
Maximum metered fuel flow is in the order of 2000 lb/hr.

The separately mounted fuel pumping unit has dual-element
gear pumps.

Field Adjustments Allowed (T55)

Gas generator max speed
Ground idle

Fuel type (metering head A4p)
Interstage bleed cutoff

T63 Engine Control - Refer to Fiqure 4

The functions provided by the T63 control are:

l. Power turbine speed governing, We = f(N2*, c/P, P3)

2. Gas generator speed governing, wf = f(Nl*, p3)

3. Acceleration control, Wf f(Nl' P3)

4. Deceleration control, W f(Nl, P3)

f

11
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The power turbine governor, gas generator control, and fuel
pumps are three separate packages.

Fuel is pumped by a dual-element gear pump and is metered
by a slab cut valve. The metering head is sensed across a
diaphragm which operates a valve to bypass fuel flow in
excess of engyine demand back to the pump inlet.

The computation of the required engine fuel flow for a
given flight condition is perfcrmed by using engine cow-
pressor air as the computing medium. Air is taken from the
engine compressor (P3) through a barrier filter and provided
to both the power turbine governor and the gas generator
control. The function of both the gas generator and the
power turbine governor is to control the pressure drop
across a pair of bellows in series. One bellows is used
for governing; the other, for acceleration control. The
stroke of the bellows is converted to metering valve stroke
through a torsion tube, which allows a fuel to air seal
without the use of a dynamic seal.

The power turbine governor compares the force of a fly-
weight system with a spring force. The difference is a
measure of N, speed error which is used to open a flapper
valve. This causes a drop in pressure on a diaphragm. The
diaphragm has a rod attached to it which is actuated through
a "lowest wins" valve from the gas generator governor to
reduce fuel flow with an increase in power turbine speed.
The accumulator and the check valve system are required to
attenuate the dynamic characteristics of the helicopter
rotor system.

Gas generator governing and acceleration control operate
in a similar way to decrease and increase fuel flow respec-
tively.

The Nl' N, governor and acceleration act on the downstream
series of orifices; the upstream pressure being P;, the
bellows senses the pressures between the orifice pair. The
result is that the Ny, N2 governor and acceleration control
operate on WI./P3 ratio units.

13



Field Adjustment Allowed (T63)

Ground idle

N1 maximum

Start derichment

N2 maximum

T73 Engine Control - Refer to Figure 5

This control is similar to the T55 in complexity. It is
the largest of the Army controls (maximum flow in the order
of 3600 lb/hr). The functions provided by the fuel control
are:

1. Gas generator speed governing, Wf = f(Nl*, P3)
2. Acceleration control, wf = f(Nl, P3)

3. Deceleration control, wf = f(Nl’ P3)

4. Power turbine speed governing, Wf = f(Nz*, C/P)

5. Engine starting compressor air bleed

The general operation of this fuel control is similar to
the T55 engine control described on page 9. The main dif-
ferences are:

° The 3D cam is not rotated with temperature T2

° The metering valve drive is by a force balance
multiplier with P; as compared to a tangent multi-
plier for the T55 control.

° The metering head regulator is servo operated.

Field Adjustments Allowed (T73)

Ground idle

Nl maximum

14
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T74 Engine Control - Refer to Fiqure 6

This fuel control is similar to the T63 engine control.
The only functional difference is that the acceleration
schedule is biased by engine compressor inlet temperature
(T2). The control functions are:

l. Gas generator speed governing

2. Acceleration control

3. Deceleration control

4. Propeller speed governing

Field Adjustments Allowed (T74)

Ground idle
Nl maximum

N2 maximum (propeller speed)
Metering valve 4P for
a. fuel type

b. surge margin

Data Procurement

To identify control system failures, a survey of control sys-
tem users was made. The information received was in the form
of reports, verbal discussions, and fuel control R&M data com-
puter printouts. An example of computer data is given in
Table I. This is taken from the Navy's 3M data system. The
MTBF and MTBR data presented does not necessarily give the
relative merits of the controls because of such things as:
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TABLE I, SUMMARY OF MAINTENANCE & RELIABILITY DATA SUPPLIED BY KAMAN
(NAVY 3M DATA SOURCE}
Reporting Period July 1969 to July 1971
Organiz'l
MTBF/MTBR MH/1000 FH Failure Modes (Top 4)
Bell UH-1E 33,894 Flight Hours
T53-L-11 176/391 70.3 18% improper adjustments, 9% dirty,
7% hot starts, 7% FOD
Masn F/C & Pump 389/1767 8.5 51% improper idjustments, 11% low
power, 6% fuel leaks, 6% failure unk
P.T. Governor 3638/15460 4.0 29% improper adjustments, 25% rpm
fluctuation, 12% improper maint.
Bell AH-1G 21,500 Flight Hours
T53-L-13 Engine 272/428 57.3 13% leaking, 7% dirty, 7% slow
accel., 7% hot starts
Main F/C & Pump 630/2994 2.8 82% improper adjustments, 8% fuel
leaks, 3% broken, 3% hot starts
P.T. Governor 1330/4790 1.5 56% improper adjustments, 17% torgque
incorrect, 12% rpm fluctuation
Bell TH-57 28,828 rlight Hours
T63 Engine 1254/1923 70.4 26% contam., 17% magnetic plug,
13% failed unk, 5% hot starts
Main F/C 324/1373 9.9 56% improper adjustments, 12% failed
unk, 12% fuel leak, 5% binding
Pump 489/930 6.0 78% fuel leaks, 7% dirty, 3% broken,
3% internal failure
Boeing CH46D 100,361 Flight Hours
T58 Engine 132/223 141 .4 18% leaking, 12% improper adjust-
ments, 7% failed unk, 7% FOD
Main F/C 912/3860 3.9 37% improper adjustments, 19% fuel
leaks, 5% internal failure, 4% worn
Pump 5576/8363 2.2 44% fuel leaks, 1l1% improper maint.,
6% improper adjustment, 6% fuel
Main F/C & Pump 780/2640 flow incorrect

Sikorsky CH-53D

33,356 Flight Hours

T64 Engine 375/814 46.5 20% improper adjustments, 10% FOD,
7% binding, 7% leaking
Main F/C 130/629 25.0 66% improper adjustments, 5% failed
urx, 4% fuel leaks, 3% internal fail.
Pump 1235/5559 2.1 33% dirty, 15% fuel leaks, 11% miss-
ing parts, 7% improper adjustments
Main F/C & Pump
T53-L-11 Fuel Control TA-2B, Chandler Evans
T53-L-13 " " TA-2S, Chandler Evans
T63 " " Dp-D3, Bendix
T58 = e JFC26, Hamilton Standard
T64 ik i JFC42, Hamilton Standard
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1. Different aircraft usage. Short-duration flights with
many cycles of operation, compared to longer, steady
cruises.

2. Different environments

3. Variation in maintenance personnel ability and report-
ing efficiency

It is also to be noted that the reliability of the engine re-
flects in the reliability of the control. A low MTBR for an
engine will tend to increase the MTBR for the control. For ex-
ample, a MTBR of 223 hours for the T58 engine on the Boeing
CH-46D during 100,361 flight hours introduces 450 new engines
and controls (100,361/223) compared to only 50 new engines and
controls (21,500/428) for the T53 engine on the Bell AH-1G.

Considering the reporting system itself, the Navy's 3M data
system represents what is typically available on the recording
of fuel control R&M field data. The reporting of failures is
limited to the selection of one- and two-word codes to define a
cause for removal (81 out of 201 codes available apply to hydro-
mechanical fuel controls). Also, causes of failure reported in
the field are not verified. For this reason, many removals are
reported as improper adjustments, and the emphasis for obtain-
ing failure data in the program relied upon surveying users and
fuel control overhaul facilities.

Table II shows a more detailed breakdown of the T53 control
system faults. This data is the result of work done by Chand-
ler Evans, initiated by Trouble Failure Reports (TFR's) covering
the period January 1969 to January 1972.

Generic Failures
The most useful data for this part of the program came from

verbal opinions taken in the survey. This resulted in the
definition of the following generic failure modes:
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TABLE II. TA-2 CONTROL UNSCHEDULED MAINTENANCE

Period Covering 1/1/69 to 1/1/72
—_——— e ———— e

Total Maintenance Actiocons 1392
Inconclusive (cause unknown) 555
Reported Actions 837

FAILURES NOT AFFECTING ENGINE PERFORMANCE (DIRECTLY)

SyEEom % of Qonfirmed
Failures
No Defect Found 20.0
Leakage 18.5
Wear 12.5
Emergency System (backup) 12.6
Total 63.6

FAILURES DIRECTLY AFFECTING ENGINE PERFORMANCE

Order Symptom (%)

Accel. Fuel Flow High
Accel. Fuel Flow Low

out of Adjustment (limits)

Inconclusive Symptoms

6.0

9.0

5.4

Incorrect Starting Fuel Flow 3.1
5.5

Loss of Ny Control Only 1.7
5.7

~N O vk WD

Py Air Bleed Incorrect

Total 36.4
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1. Wear - major wear in drive splines and couplings;
minor wear in computing elements

2. Contamination of:

a. Alr - with oil and atmospheric pollution in pneu-
matic systems

b. Fuel - contamination introduced into the aircraft
fuel tanks and left in the fuel control
during assembly

3. Incorrect Adjustments/Tampering With Adjustments

4., Seal Leakage - intexrnal and external

The order of the magnitude of these problems as a percentage
of confirmed fuel control failures is:

Wear 12¢
Contamination 10%
Incurrect Adjustments 20%
Leakage 15%

These are the majo. problem areas which, if eliminated, would
significantly improve the control system life. The remaining
43% are failures of a random nature; for example,

Human errors - incorroct assembly, maintenance, transport-
ation, manufacture

Defective materials - porous castings, material flaws,
cracks

Calibration errors - random cases where the control
errors may be biased to one side co-~
inciding with an engine whose perform-

ance 1s also biased

Incorrect ccntrol rigaing

21



A specific requirement of the program was to investigate con-
trol faults previously experienced by the Army.

1. Sensors and compensating servos

2. Fuel contamination

3. Wear - computing elements

4. Wear - drive couplings

5. External leakage

6. Wear or failure of flexible drive shafts

7. Fracture or deformation of control attachment hardware
8. Lack of fault-isolation hardware

9. Other fuel control problems

Item 1 was not found to be a problem common to all controls in
general, and will be discussed as a specific problem in the
T53 control history.

Items 2, 3, 4 and 5 were confirmed as being failure mechanisms
common to all controls.

Flexible drive shafts (Item 6) were confirmed to be a problem
area. The main problem is excessive wear resulting in drive
failure. A secondary problem is binding, which results in un-
stable power turbine speed.

Item 7 was not reported in the survey as being a problem area.

Fault isolation (Item 8) is discussed in the second section of
this report.

The generic failures identified - wear, contamination, incor-
rect adjustments, and fuel leakage - were studied in detail
with reference to the T53 engine control since this control
renresents 66% of the total gas turbine fuel controls in active
Army service.

22



Detailed Study of Generic Failures (Applied to T53 Engine

Control)

1.

wear

Wear is the general term for the complex phenomenon
of deterioration of surfaces in use. It may be
divided into more commcinly understood types of wear
as follows:

a.

Abrasion - The wear produced by the shearing
action between surface irregularities or for-
eign particles in continuous motion.

Adhesion (galling, scuffing, scoring, seizing) -
The wear caused by welding of irregularities,
resulting in local projections and cavities,
which in turn can cause further damage.

Fretting - Small reciprocating motion causing
surface failure due to fatigue. This is often
accompanied by corrosion because the wear
removes the natural protection of corrosion

on the surface and hence a cycle of wear-
corrosion-wear is produced which removes mater-
ial rapidly.

Contact Stress Fatigue (Pitting) - The dynamic
application of load which causes fatigue fail-
ure at the surface due to high-hertz stresses.
The failures are seen as local pitting, and the
loose particles may cause further damage by
abrasion.

Galvanic Corrosion - The electrical depositing
of material due to dissimilar materials.

Temperature Effect

In addition to the above wear categories, the gen-

eral effect of an increase in material temperature

is to increase the wear rate by reducing the mater-
ial hardness and corrosion resistance.

23



Drive Spline Wear

The area of wear which has the most serious effect
on contreol systems 1is in drive splines. The wear
is usually in the form of combinations of abrasion
and fretting corrosion. Design guidelines are to
minimize surface stresses and drive eccentricities
and provide well-filtered liquid lubrication. The
spline teeth should be of a hard material and be
chromium plated to provide corrosion resistance and
minimum friction. The purpose of providing liquid
lubrication as compared to oil mist is to minimize
corrosion in the area inaccessible to oil mist,
where fretting corrosion would normally take place.

Areas of drive shaft wear on the T53 control are
shown in Figure 7 for the main fuel control drive
and in Figure 8 for the power turbine governor
drive. The most severe wear area is the main drive
spline (Item 1, Figure 9). Originally this spline
was Nitralloy (AMS 6470) and was run dry. This re-
sulted in a high frequency of worn splines. The
shaft material was changed to Nitralloy AMS 6475
and was lubricated with oil mist.

The problem with Nitralloy is that the white layer
(iron nitride) formed during nitriding causes the
chromium plate to flake off, allowing fretting
corrosion to take place. Complete removal of the
white layer from a spline is difficult and cannot
be successfully inspected.

This problem is illustrated in Figure 9. An ex-
ample of a worn spline was sectioned and found to
have 0.0004 inch of white layer with only particles
of chromium remaining on the surface. The other
example shows a drive shaft which had been used in
the field and did not show signs of wear. This
spline had no white layer and the chromium plate
was still in place.
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AREAS OF WEAR

Figure 8. Power Turbine Governor Drive.

26



N7
Reproduced from %
best available copy. YIS

MAGNIFICATION 500/1

CHROMIUM PARTICLES

‘- -0004" <
T 'WHITE' LAYER

WORN SPLINE FLANK

SURFACE HARDNESS - 15 N 93.5
CORE HARDNESS — . Rg 42

NITRIDED CASE DEPTH - .017"

AREA SHOWN MAGNIFIED

CHROMIUM PLATE (NO WHITE LAYER)

UNWORN SPLINE FLANK

SURFACE HARDNESS - 15 N 93
CORE HARDNESS - Rg 4l

NITRIDED CASE DEPTH - .017"

DIRECTION OF DRIVE

Figure 9.
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It has been demonstrated by 150 hours of engine run-
ning at Avco Lycoming that a better solution to the
drive spline wear problem is to use Greek Ascaloy
(AMS 5616) chromium plate.

Nl and N2 Drive Coupling Wear

The N; and N, flyweight drives are Oldham couplings
(N2 shown in Figure 8) and are subject to high-
frequency smali-amplitude rubbing between the coup-
ling drive's surfaces. This results in fretting.

Contamination

It is believed that many failures reported in the
field as system faults are often caused by contami-
nation; for example, high fuel flow, low fuel flow,
out of specification, and erratic behavior.

Contamination of Air

Pneumatic controls are used in T63 and T74 engines.
Flowing engine compressor air is used for computa-
tion and actuation power. This introduces oil and
atmospheric contaminants into control orifices and
check valves to the extent that they sometimes clog.
The areas affected are the Ny and N, governor ori-
fices, acceleration orifice, orifices upstream of
the governor and acceleration bellows, and two
check valves used in dynamic compensation of the
power turbine governor. The air cannot be filtered
without sacrificing fuel control performance. The
pressure drop across the filter introduces an error
in fuel flow directly proportional to the filter
pressure drop. The error will increase with addi-
tional time of operation.

Contamination of Fuel
Contamination of fuel has two effects: it limits
the life of components by producing abrasive wear,

and it degrades control and engine burner nozzle
performance.
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Currently the finest barrier filters commonly used
are 1l0u nominal (1lp = 0.000039 inch) which gives

an absolute rating of 25W. Using MIL-E-8593B as
the standard for contamination distribution, a 25u
absolute filter would allow 82% of the total con-
taminant weight to pass through to the fuel control
and burner nozzles.

Much work con the contamination of hydraulic systems
has been done, and experience indicates that the
filtration rating provided must be less than the
system clearances to minimize abrasive wear.
Applying this criterion to gas turbine controls, a
spool valve has a typical radial clearance of
0.00015 to .00025 inch or 4 to 6i; a system filter
of 31 absolute is therefore required.

A summary of the benefits to be gained from finer
filtration is as follows:

a. Longer life components, hence increased time
between overhauls.

b. Increased reliability, by the elimination of
problems such as erratic behavior, stuck valves,
etc.

c. Minimized silting forces on servos, resulting
from smaller controls.

d. Reduced erosion of housings, orifices, burners.

e. Better system performance (long-term accuracy
and stability).

The penalty for these advantages is higher fre-
guency of filter replacement, higher filter costs,
and larger filters. For example, a barrier filter
sized for the T53 engine would be 3 inches in di-
ameter by 8 inches long, based on a fuel flow of

600 1lb/hr, Ap = 10 psi and a filter life of 20 hours
or 40 flights (fuel contaminated to MIL-E-8593B).
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The following is a brief survey of applications
of fine filters already in use:

Engine
Manufacturer Engine Application and Comments
Lvcoming ATAGS-T55 3p absolute, on o0il system
P&W JT8D 0il system filter,
recently used
TF30 0il system filter
(3-1/8" dia. x 6-1/2" long)
P&W T74 3i. absolute filter for
filtering compressor air
for the pneumatic fuel
control system
(1" dia x 2-1/4" long)
wWilliams WR27 (APU) 3u absolute, on oil

system

3u absolute, on fuel
system to eliminate sludge
problem which 25u filter
did not cure

Incorrect Adjustments/Tampering With Adjustments

It was reported during the survey of control sys-
tem failure modes that incorrect adjustments and
tampering with adjustments are major problems.
However, the allowed field adjustments for the
T53, T55, T63, T73 and T74, while affecting the
engine performance, do not disturb the basic cali-
bration of the fuel control. Adjustments which
are critical to the calibration of the control
usually have lead seals, and in some instances
"torque paint"” is used on joints and screws which
shows cracking if these components are disturbed.

The problem could be reduced in magnitude if all
external adjustments which are used for control
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calibration were positioned so that when the con-
trol is mounted on the engine, the adjustments are
inaccessible. For future controls, the only com-
plete solution is to provide no adjustments.

Seal Leakage

The most important lecakage problem is external fuel
leaks from the pilot's input to the control. The
leaks can be sufficiently high to be a safety
hazard. The general requirements for this seal
are:

Tem; erature range -65° to 250°F
(350°F for the future)

Pressure usually relatively low,
200 to 300 psi

Velocity usually low, typically
0.1 ft/sec
Cycles for a 5000-hr TBO, 15,000

cycles of flight condi-
tions or 100,000 cycles
in laboratory conditions

Shelf life no aging restrictions

There is no material currently available which
meets all of these requirements. The following is
a list of current materials and their weaknesses:

Buna N - meets the temperature range, pressure and
velocity requirements. However, it tends to go
brittle with time. The time that it takes to go
brittle in the field varies from 100 hours to many
thousands of hours depending on the environment.
The material hardens both in fuel and in air.

Fluorocarbon - is brittle at low temperatures.

Fluorosilicone - has very poor wear resistance.
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Polytetrafluoroethylene - flows under load. other-
wise it satisfies all other requirements.

The results of this information indicate that
new seal materials or improved seal designs are
required. A preliminary survey of the commercial
seal market indicates that new seal designs and
materials have been recently introduced which
offer the potential for solving the fuel leak
problemn.

The new materials include a new Buna N compound
and Epichlorohydrin. Hydrin elastomers are re-
ported to offer high resiliency and almost con-
stant hardness over a wide temperature range with
good low temperature properties. They are highly
resistant to JP fuels and exhibit good aging and
abrasion resistance.

The new desians combine the high wear resistance
of polytetrafluoroethylene and the mechanical in-
tegrity of fluorosilicone or mechanical springs
for structural support. Various configurations
using these combinations of material are currently
available. All of the configurations use the
polytetrafluoroethylene for the dynamic seal.

These new materials and design configurations must
be test evaluated to determine if they can operate
in the specified environment and provide the re-
quired service life. Also, present seal material
specifications should be reviewed to determine if
more stringent control of the ingredients will en-
hance desirable seal properties.

It is recommended that a survey of seal manufac-
turers be made to review and evaluate the new
designs and material combinations, and that the
most promising designs be selected for bench test
evaluation.
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FAULT-ISOLATION DEVICE

A principal factor in the formation of maintenance policies

is cost effectiveness; that is, within constraints, mainte-
nance policies are based on achieving goals for the least ex-
penditure of resources. This effort has been concerned with
an analysis and evaluation of gas turbine fuel control fault-
isolation devices and their potential impact on the life-cycle
cost of the fuel control. Specifically, we will attempt to
answer the following question based on available historical
maintenance data:

"Can a device used for fault isolating the fuel control
be cost effective when included as part of the U.S.
Army aviation maintenance system?"

The study has been divided into the following three basic sec-
tions:

1. Functional Description of Fuel Control Models

2. Fault-Isolation Device Cost Goals

3. Fault-Isolation Technidques
The first section is concerned with a functional description
of U.S. Army fuel control models and the basic requirements
for fault isolation on each model.
The second section analyzes the life-cycle cost factors and
computes the potential cost savings on those factors where a
fault-isolation device (FID) has an impact on cost.
The third section describes various possible FIDs for both a
current hydromechanical and an advanced electronic countrol.

Based on cost effectiveness, a detailed design is wade for
the most promising FID for a hydromechanical control.
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Functional Description of Fuel Control Models

Descriptions and functional schematics of the T53, T55, T63,
T73 and T74 engine controls have been covered in the sections
dealing with failure mode analysis. This section is concerned
with the basic functional mechanization of these fuel controls
and specifically notes the similarities and differences that
may be significant in developing fault-isolation techniques.
An advanced-electronic-technology fuel control design has been
included in the comparison to indicate trends for future Army
gas turbine engines. It consists of a hybrid electronic com-
puting section; a hydromechanical fluid metering, fuel pumping,
and alternator section; a variable inlet guide vane actuator:
"nd the necessary transducers and sensors for signal sensing.
This control design is based on an advanced engine control

program conducted for the Eustis Directorate, USAAMRDL (Ref.
11).

Fuel Control Functional Block Diagrams

Figures 10 through 15 describe the functional mechaniza-

tion of the fuel control models listed above in the form

of block diagrams. Specifically indicated are:
Input/output parameters

Methods of signal transducing

Types of mechanisms used for computing
metering valve position
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